Abstract-The Combined Economic Emission Dispatch (CEED) problem focuses on the short-term determination of optimal generation from a number of power generating units in a way such that both generation costs and emission levels become minimum simultaneously, while satisfying all operational constraints and the load demand. The CEED problem considers the environmental impacts from the gaseous emission of pollutants at fossil-fueled power generating plants. This paper presents the formulation of the CEED problem as a multi-objective problem which in turn has been converted into a single objective function considering price penalty factor. This article proposes a new optimization algorithm, Modified Jaya Optimization Algorithm (MJOA), for CEED problem solution. The existing Jaya Optimization Algorithm (JOA) has been slightly modified to formulate the MJOA for faster convergence and robustness. Later the modified algorithm has been implemented in two test systems to investigate and ensure the effectiveness. The simulation results of the modified algorithm have been compared with other exiting algorithms, present in literature and MJOA has proved to be the best and most powerful amongst them.  Index Terms-jaya optimization algorithm, economic load dispatch, constrained minimization, multi objective, valvepoint effect, environmental dispatch
I. INTRODUCTION
Emission control plays a vital role in energy planning in the field of power system operation and control. Determining optimal generation considering emission and cost constrains simultaneously along with some other system constraints such as valve-point constraint, Prohibited Operating Zone (POZ) etc. is an important practice for Economic Load Dispatch (ELD) problem solution. ELD is an optimization problem in power systems and a process to meet the continuous variation of power demand at minimum operating cost subject to operational constraints. Over the years, various mathematical methods and optimization techniques have been adapted to solve for ELD problems. Lambdaiteration method [1] , Gradient method [2] , [3] , Base-point participation factor method [4] are the conventional optimization methods which have been utilized for ELD problem in the past. These methods have some limitations of high computational time and have several local minima and oscillatory in nature [5] . Recently, some Stochastic Search Algorithms such as PSO [6] - [11] , GA [12] - [14] , Direct Search [15] and Differential Evolution [16] , [17] , Simulated Annealing [18] , [19] , Gravitational Search [20] , [21] , Cuckoo Search [22] , [23] , Binary successive approximation-based evolutionary search [24] , [25] have been utilized to solve the ELD problem. However, the above mentioned techniques are associated with its own limitations such as execution speed, executions of many repeated stages, local optimal solution and require common controlling parameters like population size, number of generations etc. Jaya optimization algorithm [26] is a class of relatively new proposed algorithm. In the present work, Modified Jaya optimization technique has been applied. It has strong potential to solve the constrained optimization problem. This algorithm requires only the common control parameters and does not require any algorithm specific control parameter.
II. PROBLEM FORMULATION
The combined environmental economic dispatch problem is to minimize two objective functions, fuel cost and emission, simultaneously while satisfying all equality and inequality constraints. The mathematical formulation of the problem is described as follows.
A. Economic Dispatch Formulation with Valve Point
Effect The cost function of economic load dispatch problem is defined as follows where is the total generation:
where is the number of generating units. , , , and are the cost coefficients of the i th generating unit. is the real power output of the i th generator.
B. Emission Dispatch Formulation
The emission function of economic load dispatch problem is defined as follows:
C. Minimization of Fuel Cost and Emission
The multi-objective combined economic and emission problem with its constraints can be mathematically formulated as a nonlinear constrained problem as follows:
The solution of the problem is achieved by minimizing the objective function (OF), the fuel cost rate ($/h) is shown with F(Pg) and NOx emission rate (ton/h) with E(Pgi).
D. Power Balance Constraint
Generation should cover the total demand and the active power losses that occur in the transmission system.
where is the total demand load and P is the total transmission losses computed using quadratic approximation.
where is the loss coefficient matrix. This paper assumes B-matrix as constant.
Power generation limits. Each unit should generate power within its minimum and maximum limits.
III. JAYA OPTIMIZATION TECHNIQUE
A. Algorithm and Flowchart ( ) is assumed as the required objective function which is to be minimized (or maximized). For ℎ iteration, the design variables are ' ' numbers (i.e. = 1, 2, … , ) and ' ' number of candidate solutions which gives the population size, = 1, 2, … , . Amongst entire candidate solutions, the best candidate obtains the best value of ( ) (i.e. say ( ) ) and the worst candidateobtains the worst value of ( ) (i.e. say ( ) ). If , , is the value of the ℎ variable for the ℎ member of a set of possible solution during the ℎ iteration, then this value is modified as per the following Equation (6):
where, , , is the value of the variable j for the best candidate and , , is the value of the variable for the worst member of a set of possible solution. Fig. 1 shows the flowchart of the Jaya algorithm [26] . Current context focusses on one modification in the original Jaya algorithm. The standard Jaya algorithm updates particle's position using the equation (7). This equation uses three terms out of which one term is the current position. In the process of position update, current position is updated to a new position by adding or subtracting a finite value. A minor modification is done in this finite value.
B. Flowchart
Auxiliary weighted position term: Instead of three terms in equation (7), it uses four terms. The fourth term calculates the fractional value of the mid-position between best and worst positions. This auxiliary weighted term will lead to accelerated convergence which in turn will take less number of iteration count. Less number of iteration count reflects to convergence time without compromising robustness in results. The modified position update equation can be written as-
where, the fourth term is the Auxiliary weighted position term. ) for each candidate.
V. PSEUDO CODE

WHILE (the termination conditions are not met)
Identify the best solution P j,best,i and worst solution P j,worst,i 5. FOR m → k FOR n → j Modify solution based on best and worst solutions.
and demand P D are same.
≠ P D 7. Update solutions based on their contribution over total generation.
FOR n → j
) for each candidate.
Check whether C T k,i
′ gives better result.
IF
C T k,i ′ is better than C T k,i i.e. ∑ C j,k,i ′ j j=1 < ∑ C j,k,i j j=1 C T k,i new = C T k,i ′ 12. ELSE IF C T k,i ′ is worse than C T k,i i.e. ∑ C j,k,i ′ j j=1 > ∑ C j,k,i j j=1 C T k,i new = C T k,i END END IF END FOR Set i = i + 1 END WHILE
VI. RESULTS AND DISCUSSIONS
The practical applicability of MJOA has been applied for two case studies (10 and 40 thermal units) where the objective functions were non smooth due to the valvepoint effects.
The MJOA has been applied through coding in MATLAB 7.9.0 (MathWorks, Inc.) and compared with other optimization methods available in literature. All the simulations have been worked out on a 2.2-GHz Intel Pentium processor with 4 GB of RAM.
A. Case-Study -1 for 10 Generating Systems
This case study has been performed for a test system of 10 thermal units considering the effects of valve-point loading. The relevant data for this system has been shown in Table I [27] . In the present study, the load demand is P D 2000 MW (considering transmission losses). The results for Case Study-1applying MJOA are shown in Table  II and the program, ELD_Solution_Jaya_Algo_10_gen.m, has been written in an m-file. Here the termination criterion has been set as 100 iterations. The m-file has been loaded in the current MATLAB folder. The lower and upper bounds, linear equalities have been set as per the data given in Table I . From successive runs the best results were logged and all the best outputs were written in a tabular form (shown in Table II) for their comparative analysis.
B. Case-Study -2 for 40 Generating Systems
A case of 40 thermal units was also carried out to check the effectiveness of the present algorithm. The required data is shown in the Table III [27] . The load demand to be satisfied was P D = 10,500MW (without considering transmission losses). To find the optimal generation of power for 40 generating units, the proposed technique has been utilized. The population size, maximum and minimum generation limits and iteration count for the present study has been fixed. The same procedure was followed as in previous case.
The program for MJOA, ELD_Solution_Jaya_Algo_40_gen.m, has been written in an MATLAB m-file and kept in the current MATLAB directory. The termination criterion has been set as 2000 iterations. Table IV shows most feasible results for 40 generating units using different methods. The comparative analysis, out of the results in Table IV , puts forth MJOA to be one of the reliable techniques while valve-point effect is considered.
To investigate the effectiveness of this approach, it is seen that in both the two cases the results obtained from MJOA are almost same with the results of other existing methods. From Table II and IV it is seen that MJOA gives viable results in both the cases. For 10 thermal units (Case-study -1), MJOA decreased the fuel cost as well as total transmission loss. The B-matrix for test system-1 is shown in Box I. In case study-2 (Test system-2) MJOA has worked effectively decreasing both generation cost and emission.
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VII. CONCLUSION Jaya Optimization Algorithm (JOA) is one of the recent powerful methods for solving constrained optimization problems. The present work proposed a new approach for minimizing the generating cost in electric power industry. The successful implementation of MJOA brings forth robust solutions for multi-objective problem solution. CEED problem consists of non-smooth cost function which has been successfully solved by MJOA considering two test systems. The results, associated with two different systems (10 thermal units and 40 thermal units), achieved with the application of MJOA have been compared and analyzed with other existing methods available in literature. The performance of MJOA proved to be effective while satisfying the constraints with highly probable solutions in an acceptable computing time. MJOA has therefore proved to be capable of providing better results when compared with other stochastic search algorithms and hence stands to be a very effective technique to solve ELD problems.
